
1

A Design and Control Environment for
Internet-Based Telerobotics

Roberto Oboe’  slid Paolo Fiorinit

* l)il)altilll(:lltlo  di P;l(!ttrm)ica (: IIlforll)atica
Ullivcrsitlfi  di 1 ‘aclova
Padova,  35131 Italy

t Jd l’rcqmlsioll  l,a]mratory
California lnstit,utc  of ‘1’c(:l)]iology
Pasa(lcna,  CA 91109 IJSA

Abstract

‘J’his  ])alm dcscrilm all (:ll~ilol]ltlc]lt for tlI(: (I(sigll,  silllulatioll  and corltm]  oflllt(lrtct-
bascd  fc)rcc-l(:flcctillg  tclcmlmtic sjwt(’ills. IV(I (1(’fill(’ tll(:sc  syst(’ills as using  a segqn(mt
of the COlnl)lltc!l’  Ilctwol’k  t () coIIIlwt  111(! Illast(’r t o t 11(’ slave. Col[l])utcr  il(~t~vorlw ill-
t,rducc  a  tim(xlclay  tlllatj  i s  lmt (I(wrilml  lp a t  iln(’-wlryit)g  ral)doln ])roccss.  “J’llus,
known  tmhniqucs for co]ltdlillg  tiltldcla~r  1 (1( ’rol)ots  arc not d i r e c t l y  a])l)lical)lc,  slid
al) (Jll}’i]c)]]l])c]]t  for itcratiw (l(!si~ll-:~~1(1-t(’st  i s  ]Iccessary. ‘1’llc llll(l(nlyill~  soft nwrc ar-
cllitccturc  sul)lmrts  tools fol ]Ilo(l(’lillg  tll(:  (1(’lay  of  tll(:  coltll)llt(’r n e t  mwrk, d(’sig[ling a
stal)lc  col]trollcr,  silllulatin~ tl)c ]mrfor]llallcc  of a t(!l(wlmtic  syst(vn,  al]d t(:stillg  tll(! coll-
trd algoritlll[lls  usillg a fol(:c-](:fl(’(  :tiltg  irll)llt (I(wi(v. l~llltll(:llllc)l(:,  tl)is s(’t-ul) ])rovicl(’s
data al)out  illclll(lil)g lllt(:rll(:t i]lto Itlor(:  guIcrill  t(~l(mlmtic  control  alcllit(:ctlll(:s. ‘J ‘o

dmnonstratc  the features of this (’ll\’ilc)]llll(’llt,  tll(’ col[l])l(’tc  l)rocmll~rc for tll(:  (1( ’sign of
a tclcmlmtic colltmllm” is  dis(lw(d.  l’irst,  tll(’ d(Ilay lmratl](:t(’rs o f  all IIlt clll(:t  s(:glll(v]t
arc idcllt)ifi(d lvj ])rol)ill~ tjll(: ]1(’twvrk. ‘1’11(:11,  tll(w l)araln(’t(w  are USC(I  ill tllc  dcsig]l o f
a ccmtrollcr  wl]ich illdu(lcs  a (lll:~si-()])tilll:ll  (wtillldtor  to coln])(vlsatc  slllall  d a t a  l o s s e s .
l’i]lally,  s i m u l a t i o n s  o f  tll(’ colll])l(:t(’  tcl(:rol)oti(:  syst(!lll  all(l wllllatiolls  usiw a l)lall:~l
fo]c(:-rcflcctillg  lnastcr all(l a virtllal  slaw (w(’lt)])lify  a tyl)i(al (I(wig[l  all(l test  S(KIU(VI(:C.

1. Introduction

‘J’l)is  lmJ)(!r dcs(:rilms a  co]]l])llt(:r  (J]l\i[()]lill(J1lt  for tll(’ (I(lsigll, si]nlllatioll  all(l test

of control algoritllll[)s for lllt(:lll(:t-l):ls(:(l  t(:l(ux)lmt  ic syst (:IIw. jl’c dcfil](’  t 11(Yw syst,(vlls  as
t,hosc Ilsillg a s(yynm]t of IIlt(mlet  to (Ix(:llal)gc  data lwt ~v(wl tllc Illast(v  and III(’  slaw of tllc
tl(:l(wolmt.  111 l)articular, TV(! arc illkrcsh]  ili t lt(I c l a s s  o f  ~or(:(:-7qfl(:(:tiT/{/  telmolwts  mitll
wl]icll  tllc  ol)CratlOr  call f e e l  tll(’ for(:w il])])li(’(1  I)}r tll(! r(’ll)ot(”  rol)ot”  to i t s  ellvi]()]ll[l(lllt.
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T’llis class of  systclns  is lmtclltially  wry iltl~wrhllt, sill{.c  tllc  avail  al)ility  of Illtclllct-
l)asd tclcmlmts  would  stlil]lulatc  tllc  dcsigll o f  Ilmv illt  cractiw  al)l)licatiolls  011 ltltmlet-
ca~)aljlc  comlmtcrs. Wc lcfcr to tllc l)ossil)ilit,y  of’ e]lal)lillg  IIltcrllct u s e r s  to cxcllatlgc

~)lc)l)lioccl)ti~’c,  tadilc and kilicstllctic  d a t a  mvl tllc  coltl~)lltcr n e t w o r k .  ‘1’l)esc d a t a ,
loosdy  ddiIIcd  as )IjOptiC illforlllatioll,  wOuld l)rovidc  a realistic f’cdillg of’ tclcl)mmlcc  and
tllc  ability of toudlillg  rclnotc  ol).jccts  aild  IKIOI)IC. A])l)licatiolw  of tliis  tccllllology  wvuld

illcludc  hcaltll cam, (:lltj(:ltjailllll(:lltj,  rclllotjc  tjraitlillg, and coll?ll)()]:ltil’(”  work  own a shard
[!ll\’il’ollIllcIlt!.

(hlly  a few years ago, d a t a  tlratwfcrs alllollg  colllj)utcrs  ~Yerc lilnitcd  to t e x t - l ) a s d
formatssuc]l a s  clcctrmlic I]lail  and iokscssiol]s.  Nmv, continuous  iltll)lc)~(~lllc:llts  o f  ln-
tcrnet  ~Jclfollllallccallcl  lmwcrflll  Ilmv :i~)l)lic;ltiollsll:l~’[)  II)adc tllccxcllallgc  c)flllllltilllt:(li:l
data very  easy. lntmlct mm’s call rcmivc audio and video data with nrar lc!:ll-tilllc:l)cl-
fommllcc,  ascl(:lllO1lstlat(l(l Iy rccmlt  t(ll(:(ollf(l(’ll(  illgsoft~vtll(:”  ~mckagcs  [3,26]. Ilmvcwr,
t h e  usc o f  hal)tic dcviccs  mu tllc IIltmlctl  i s  a  Illucll ltlorc cllallcllgillg  ])ml)lcln  than
t,ral]sfcrrillg  audio and video data, sillcc tllcsc  (lcviccs IIlust mllaill staljlc ill sl)itc  of  tllc
~mforlnallcc  fluctuatjiolls  tyl)ical  of IIltmlct. 111 lmrticular,  llltm!ct  d a t a  lla~c raIIdoHl
t i m e - d d a y  and Imclwtj  10ss(!s  wllicll  dc]mrld 0]1 tllc  (llilltict(:listics  of tllc  Ilctworl<  a~ld 011
its load.  (hlrrcntj  cwltrol dcsigyl  tools arc illadquatc  f o r  IIltclll(:tj-l)asc(l fol(”f:-lcfl(!ctillg
tdcmlmts,  sinw tlhcy lack iclc:lltificLltic)ll  and analysis  l)rocdurcs  t o  ad(lrms tllc  slmific
characteristics of IIltlmlctl tjillldclay.

I)ast work 011 (:ll\il()lll]l(  :lltsf( )It(:l(:l()l)()  ti(:s(c)1ltl()l  l)asfocusd  l)ri~nalilyoll  llIodcl-
illg [19,12], real-tiltlc alcllit(’ctlll(:s  [31,17], and co]ltrol  [1] issues. 111 [19], :ll)ositic)ll-l):lsclcl
fc)lcc-lc:flcctillgsy  st(:ltl  isl[lodclwl  (Isillg(:l(l(tli(:ll  collllmllc]lts  ill a S~~icc:  sillllll:\t iO1l(:ll\i-
ro~l]nc]lt.  A IIIOrC  flcxil)lc lllo(lvlillg aI)l)roaclI is l)I(wJIItccl  ill [12] llsillg a lil)lary  of ]~lc)(lulcs
f{)ltlllcs  iilllllatiolll) logtalll”  Moil(lh.  111 [31] ,  all (’xaltll)l(’  isl)lt!s(!llt(!(l  ofal(:al-til[l(!ll:lrcl-
w a r e  and sof tware  :llcllitc!ctll[~!  sul)lx)rtillg  tclcrolmtic  control  all(l collsistillg  of a VME
chassis rutlllillg  tllc  CILiTILC:TY/  11 ol)cratill.g  systcltl.  A soft~varc  :llcllit(l(.tl~l(:  for colltm]lillg
a dcxkrous  Ill:lllil)lll:ltlol  using  a lwrsollal  collll)uter  is (lcscribd  ill [17], sllo~villg  the usc
o f  cmwulncr tccllllology  ill rolmtic control.  A lmvcrfal  l[lodditlg  a]ld control  arcllitcctllw
fc)ltc:lc:l{)l)ot  jiccc)lltlol”  islmmlllcd  ill [1]. ‘I’llis  (’ll\rilO1lltl(  ’lltc{)llsistsc)fa  sc:lic:sc)fsc)ftfvt~r(’
]nodu]cs,  based  on c o m m e r c i a l  llardwam all(l softwaw, that,  call lK: colnbillcd  to Inodel
and mntrol  all al)ll)lc arra~’ o f  rolmtic drviccs. ‘J’llis  :ll)})roacll  acllic~ws glol)al  stal)ilit,y
f o r  t h e  tclcrolx)t  ly cilsurillg  tllatl  each  Collllmlult  lllccts  a criterion  lmsd oll lmssivitly
tllcory.  ‘1’llc colltrd o f  t i l l l c -de lay  tclcro]mtic dcviccs  lias lllostly  addNxscd  tllc  casr o f
collsta~lt  d e l a y .  ‘1’1)(! ]Ilaill  al)l)roacllcs  usd illcludc  Iwsivity  tllmry [2],  rc]llotc  colnl)li-
atlcc cmltrol  [21], a~ld wave varial)]cs  dccx)llllNwit  ion [27]. Solllc of t llcsc lllctllods acllicvc
27dcyc7Ldc7d  0$ dclo~y stlal)ility (101)),  a s  sllowll ill [15]. }Iowmw, tllcy  arc llotl dircctlly
al)ldical~lc to tllc  varial.)lc tjillledclay  of IIltcrllct , sill(()  a colltlollcr”  dcsiglld  for a fixd
dclay~=  7’, lllayllc)tl  stal)iliz(~t  ll(!systc:lll~vl  l(’11  tll(’(lc!l:lyi  sil~’ali:ll)l(: ~(f), (1 <~(f) <7’,
ascl(:lllc)llstlatccl  ill [20].

S()fal,c )ftlll(:t  \t()lll  aill~)l(jl)l(`  llls:lfI  t:ctillglllt(  :lll{!t(c)llll  llll[lic:\ti()ll,i.c.  \ali:ll)lc’tiI[lc:-
dclay  al~d data l)ackd 10 S S C S, only  tlllc forlllcr  ]Ias rcccivd suflicicllt  attclltioll.  \Tarialjlc
ti~nc-delay is addressed Illostly  l)y cstilllatil)g tll(:  original data [23], or l)y including  t,llc
delay variatiuls  directly  iilto tllc design  l)rocdurc  [1 O,25,32,33]. 111 [23], t,llc ~wliatioll
o f  tlllc dday  is  Collllmtsatlcd  using  all 7L-,$tcj)  l)r(’(lictor, Ivllicll  also rccmws froln  d a t a
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l)ackct  1OSS(:S. ‘1’llis  a~)l)macll  is quite COllS(’1’ViitiV(’, ,sil~((’ it gcll(’ratlcs  a (X)lltrollcr tllll(d
to tlll(: awragc cC)llllllllllicatioll  (l(Ilay. ‘J’llc  l’?lli:il) l(:til[l(:-(l(:lay  call l)c llsd directly ill tll(:
design  as an LlllCCl't:Lill  J)al'illll(:t(ll"  :\ll(lC ()Illl)C1l Siit(!(lll Sillgl(  )l)llStC() lItl()l(i(!  Sigllt(:c  lllliC~llcS.
Syst(\r~~s  \(:lif~illgtll  (: T//( /,i(://,iT~{/(:  o?~(litio?Ls()f  llll(:(lt:~illi~  r[22]:il(:  [liscllss('(li~l  [10,25,32],
whm! it is  S11OWI1  that stal)l(’ Cmltroll(’m  call ~)(’ dcsigt~cd  ~vl~(ni tl)c  ul)l)cr  I)ollll(i  o f  t,lle
first  derivative of tlllc delay is k[lowll. lJIIfc)lt~lIi&it(:ly,  tllc  illstallt:~ll(~olls  and tllc  d(:lay(xl
state Inodds  of a tlclcrol)otu  catlllot  1)(: (1(’colll~)os(’(1” ac(:ordillg  to tll(’ lnatcliillg col)(litions.
An al)])roacll  for syshns  wit]l utl~[)atcll(d  111)(:(’lttlillti(’s  is ])m(ult(d  ill [10,33]. IIow(wr,
a]soin  this case there isllosol(ltioll  for a t(’1(’lol)oti(:syst(’111.”  A{l:\l)ti\’(:(  :ol\tlol” is~)m~)os(d
for varial)lc  t i n l c - d e l a y  systlclns ill [30], l)ul  tll(:  fast variation  of tll(:  (Iclay l)r(vmlts  t,llc
application of tlllis  t(dlniqu(:  to IIltml(:t<  control.

1~01 tll(! S(XO1l(l  ])1’ObkWl of’] llt(TJICt  CO1llllllllli(::ltiO1  l,” i.(!. d a t a  IOSSCS duc to l)ackd
(liscar(l,  no rcmc(ly  Currmltly  exists. ‘1’11(! lLorltMl a~)~)roacl~ is to require t,llc r(’tlallslllissioll
of  the lost  l)ackcts,  l)ut  t)llis is Ilot al)l)lical)l(:  to tllc (WC of IIlt(!rll(:t-l)as(:cl  colltml.  ‘1’llis
issue has l)ccn a(ldmsd ill [24] l)y sllowillg  that soltlc ~)ackct loss call lW coltl~)(~lisatcd  l)y
usillg  all TL-.9tq) ~)rdictlor. IIO\v(’W!l’,  this a~)])l”oil(ll  rc(lllircs  tll(’ I(llo}vl(’(lgc  of tll(:  1110( 1(’1S
of tllc  local and r(wlotc  I)roc(xs(Is , and its rol)llsl]lcss  has ]Iot l)(ml clcltlc)l~stt:lt(’cl.

P’rom this  brief  sullllllary,  it foll(mw tll(vl that  011(” I;(’y issue of  lwrial)lc  tilllc-(lclay
coml)cnsation  is tllc  kllowlc(lgc  ofsolll(:  I)rol)crtics  of tll(! (l(!lil~ variation), i.e. tl)c awlilal)il-
itjy of a mdd of tllc  IIltjml(!t  s(’glll(’llt  l)(:tj~v(’(’ll  tll(’ tlvo lmrh oftllc  tcl(ml)ot.  IIlt(’nl(:t,  is
a strongly collncctlc(l  llctworli  of coltll)ut(m,  (:olIlltllllli(  :lti[lg\\’itll  eac]l otllm usillgl)ackctj-
switclld ~)rotocols [11]. III [5] it issllowl)  that  tll(’ (l(Ilay a{liwtillg tll(~d ata l)ackcts  dcl)(!ll(ls
oll the l)acket’s  r o u t e s ,  oll tll(’ difltvwlt  llalldlillg  l)olici(w at, (HCII 110(1(1 trawrsd, and 011
t h e  Ildwork congcstiml. ‘J’lIIIs,  it is allllos(  ilrll)(wsil)l(’  to d(:tcrlnill(! all r e a c t ,  analytic-
al II1OC]C1  o f  an ]Iltcrllct cO1l)lllllllic:ltiO1l.”  All acccl)t(’d al)l)roxi~llatc  Itlo(l(’1  collsis[s  o f  a
nctwnrk ofqucucsj  oncfor(:acll  llo(l(:alo]lgtll(:l)~~tll”  (:O1)ll(:ctillgt\  \ocO1l)l)lltcls  [18]. A c -
cording to this  Illod(:l,  qucuillg  and (Iylla]l)i(  muting  illtrodu(x:  tllc  varial)lc  trallslllissioll
dday, and Ilctlwork  collgcstio]l  lIIay result ill l)ack(:t,s  IO SS(IS. ‘1’]lus,  tll(! al)l)roxiltlat(’  llltcr-
lI(:L model is charactcriml  l)y tll(:  statistics of tllc l)aclwt d(’lay and of tl)c l)aclict  10 SSCS.
Va lues  o f  t,llcs(:  l)aralllct(!rs  lla~’c I)c(:ll kllot~ll  ii)r so]l](”  tilttc [4] l)llt, I)ccalm of tl,c ra*,id
IIltmlctl g r o w t h  alld l’illi:il)l(!l  o:l(lillg(:  oll(litiolls,  tll(y I1(I(YI fr(yu(vltj ul)dat(w  all(l oll-lillc
idmltification  [16,28].

in this l)al)cr,  Tv(: l)rol)os(I  a sillll)l(:  :licl)it(:(:tll[(t  that  illll)l(’lll(vlts  a solllt,ioll  to tllc  t,llr(:c
lnaill  issues of IIltcrnct-l)as(d  control, llalll(:ly  tll(:  i(l(:lltific:itioli of tllc  delay l)rol)(!rti(w  of
an IIltcrnct  scglll(vltj tllc  dcsig[l all(l analysis of a tclcrol)otic  colltrollcr,  a])d tllc  t(:stl  o f
the contlrollw  with a  ~)la~lar folc(!-l(:fl(l(:tillg  lllast(v  illt(’ractills  ~vitll  ~irtwll  ol)jects.  W(!
snow’  tllc  validity of t)llis al)l)roacll  l)y l)r(w(’llt,illg  tllc  r(’slllts of (’acll l)llasc,  all(l  (liscllss tllc
indications that this adlit(xtllr(:  l)ml’i(l(:s  for I11ON g(:li(w~l  tcl(wl)otic  systmns.

‘1’11(! paI)cr  is orgalliml as follows. S(xtioIl  2  ~iww all owra 11 (l(:scril)tiol) o f  tll(:
syst(:ln  arcllitccturc. ‘1’11(:  C]l(l-to-(’11(1  ])(:l’follll:lll(  ’(: :lllill~SiS  O f  ?111 lllt(’lll(!t S(’glll(!llt  ill
diflkr(nlt,  ol)(:latil  lgc O1l(liti O1lsisl)  l(:s(’lltc(l”  ill W:tioll 3. S(:ctioll 4 l)rcsm)ts  a llc~v colltroll(v
dcsigll  for au Illtcl!lct)-l)a  sc(l t(’lm)l)otic syst(’l~i. %c.t,ioll 5 (Iwcril)cs  solll(:  silnulati(nls  and
(xl)crinlmltls  carric(l  ou t  w i th  tl)is syst(ullj l’il)ally,  S(’(.tiO1l  (i co])cludcs  tile  I)aI)cr atid
prcsmts  our ~)latw for f(lturc work ill this arm.
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F’igum 1: (a) A tyl)ical  stI u(:tl~rc  of’ l~lt(!lll(:t-l):~s(l(l  t(:lerolmt  its. (1)) ‘1’llc silnl)lifi(d  strllc-
turc used in this cllvimlllllcllt.

2. System architecture

III this Scctio]l  w(: dcscrilx:  tlI(I tll(llit(:(t(ll(’  of this illll)lmllelltat  ion of tllc  dcsi~ll  a n d
cmkrol cln~imlllllmlt  for IIlt(:lllet-l):ls(:(l  t(’lcrolmtic  systc]ns.  111 ~cllcral,  a  tcl(:m})otic  sys-
tcl[l consists of t~w) (:C)llll)oll(:llts,  tll(! II Iast(:r alI(l  tl]c  slav(’,  collll(xt  (d l)y a (:olllllllllli(:;lt,iO1l”
lill(:.  IIcrc, wc a d d r e s s  tll(:  case  o f  ttlc Collll[llllli(;itioll”  lmttvccli IIlast(:r and sla~c I)(!illg
carrid I)y a S(!gIN(VItl of  IIll(wl(’t ,  as S1}OIYII s(:ll(:lrl:lti(:illy  ill l~igur(’  l - ( a ) .  ‘1’11(:  I“igurc
sl]ows a td(:rolmtic  systmtl  [13] colwistillg  of a six (1( ’gl(’(’-of-fl(’(  !(lolil”  ((lof) folc(:-lcfl(:ct,  illg
master an(l a six-dof  slaw Ill;lllil)lll:ltol  collll(lct(d  l)y IIlt(wl(’t, ‘1’0 kcc~) the logistics of’ t,ll(:
syst,clll  nlallagcal)l(:,  lvc 11s(:  a T(;/l(:cf,07,  i .e.  il r(’ltlotjc  (’ollll)utcr  I!’llosc  fullction  is to cello
the rccciwxl  d a t a  to a (Iif[t:rmlt  colnl)llt(n,  as sll(wll  s(:ll(!llltitically  ill l>igllrc  1-(1)). 14Titll
t h i s  al)l)roacll,  tll(:  lnastm call 1)(: locatc(l  II(xt  to tll(, tllc  s lave of  tllc  tclcrol)ot,,  and the
cO1lllllllllicatioll  lill(:  collll(wtill~ tll(:  t~vo Cal) I)(I a scglll(:llt  of  IIltcrllct wit]l  sllitlal)lc  cllar-
actcristlics.  F’or cxallll)lc,  ill tll(:  t(wts (l(wrild  later, W(I (xalninc tllc  cfkxts o f  (Iifkvcntj
tilnc-(ldays  l~y selecting wflcctors  locatc(l  at, (Iiflirmlt  (Iistan(m.

AlthouglI  silnl)l(:  frolli all ilrll)l(!lll(~lltt~t  ion ]millt  of ~i(:w, this al)l)roacll  allows a sigllifi-
(:allt  dcgrcc of flcxil)ilitly  ill collfi~(lrill~ tll(:  (:xl)(!lilll(’llt:ll  s(!t-ul).  11’(: take a(lvalltagc of this
l)y using  mc lmsmlal  Collll)ut (:1 (1 ‘C) for tll(:  dcsigll  of tllc  col)trollcr,  aIId a sccoIId I’C to
control  tllc  tclcmlmt. olIc colll~)utcr sul)lmts  tl)c i(l(’l]tifi(;itic)ll  and dcsigll  colnlmllwlts
o f  tllc  c:ll\’iIc)IIIllcIlt,  alId tJIIC otllrr  l)(; is tllc  rca]-tilll(:  colltrollcr, as SlIOJVII  scllcltlaticaliy
ill F’igurc 2 .  ‘J’lI(! id(llltifi(atioll  all(l d(:sigll 11s(!s  tllc  A4(/tl(/L-k92711 !~lz71/i  ~)rogralll \vitlliIl a
l)qmlar dcskto}) c:ll~~iloll~]l(:]lt,  all(l  is illt(:rfac(’(1  to a set  of dc(licatc(l  routill(w  for IIltmlct,
lnoddillg.  ‘J’IIc mal-time controller  takes advantage of tll(:  acccssil)ility  of 1)0S intcrrul)t,s.

‘J’hc illt,crfac(:  alnol)g  t,ll(’ ~wliolls  lmrts of  tIlc cll\ilOlllll(!llt  collsistjs  of  sllarc(l  d a t a
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F’igurc 2 :  ‘1’11(:  dcsigtl all(l colltro]  c:lllrilolllt](’llt  for Illtc’lll(:t-l)asc(l tc’lclc)ljc)ti(:s.

film. ‘1’hc Cmimnlll(nlt  call also  1)(! il[ll)l(:lll(’llt((l  ill a  sillgl(’-coltll)llt(:l  collfiguratioll,  i n
wllicll dcsigyl a]]d colltro]  l)rograllls  r(’si(lc  011 tllc  salll(:  I[lacllillc and o~)(:ratc  scqu(:lltially.
111 t h e  (Illal-collll)lltlcl  Collfiglll:ltiol)”  d(xcril)(’(1  ll(Irc, tll(’ t ~vo furlctiolls  arc carried  ollt, in
paralld.  ‘1’llis  configuration  call 1)(: g(:ll(:ralim(l to Illor(! colll~)l(x  tclcrol)ot,ic  systcllls,  l)y
using  true l) C-lms(d rol)ot  controllers  [1 7] as a lol)121((’ltl(’llt of tllc  virt ual slav(’.

111 tlhc following Scct,iolls, tllc  two ]mrts  o f  tll(~ (’Il\’i[olllll(’llt  o f  tllc  (lIRI collll)ut(:r
configuration arc dcscrild  ill solllc (ldail.

2.1.  The identif icat ion and clesigy

‘1’11(:  i(lcllt,ificai,ioll  l)rocc(lllrc  is slIotfFII  ill t,ll(’ top lmlt of  F’ig(lr(:  2. I)llrillg t,llis  l)llas(:
o f  tfllc  cent, rdlcr  (l(wigtl, tllc  1 ‘C s(:ll(ls  })rol)illg ~)ack(~ts to tllc  sla~’(’  t,cl(wol)ot,  \ia t,llc
rcflcct)or, and IIICMUNX tlllc rouil(l tril)  tlil]lc. 1 ‘ackcts  l(:llgtll  all(l  rate arc CIIOSCII  by t,hc
usm,  accor(lillg  to tll(:  target, al)plicatioll.  ‘J’1](1  ~mriilll(:t  ers of t 11( I t,iln(’- delay l)ct\fmll t,llc
two coIm)ut(M  and t h e  s t a t i s t i c s  o f  tl]c lmclwt 10SSCS arc stoml  ill a fil(~  and a h[ailob
1)1’oc(xIuI”c  COIIll)llt,(!S  t,]l(:  i~])])lo~illl;]t(:  ~]lo(l(:]  o f  tll(’ (O1lll(\~tio~l”  (l(:lay  al)(l disl)]ays  tll(:
rcsult)s, as discuss(d  lat,cr ill S(xtioll  3. If tll(:  lllt (!rli(’t  collll(’ctioll satisfi(:s  tllc  l(!cl(lil(llll(!llt,
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l’igur(! 3: ‘1’11(:  r(’al-til[le  (’ll~ilolllllcllt.

of’ t,imc-dc]ay  and ~)ack(!t  losses, tll(:  u s e r  call l)ro(:(d ~vith tile  controller  (lcsigll all(l
analysis.

TIIC inl~)lications  of (Icsigllil(g all(l sillllllatillg  a tcl(:rolmti(:  c o n t r o l l e r  COllllcctcd  to
lntmld  arc millilllizd  Iy cOllsi(l(:rill~  tllc  IIltcrll(’t as all (xtclnal  ljl(lck box collllcct(d  to
tllc  colnl)utcr.  ~’hus tllc  l)mc(dllr(’  (Icscrilml ill Scctioll  3 is (Iquiwl(mt  to tllc  i(l(:lltific:ltic)ll
of  a llardwar(:  d(!vicc illtcrfaccd  to tli(! (l(wigtl (’11~’ilolllll(:]lt.

‘1’hc design l)roc(duw is also SII(WI) ill tll(:  to]) lxart of P’igurc  2, and consists  of a A4(1tl(1b

]nodulc  colnl)utinx  stlatc f(dlmd ail(l olmrw:r  gailw, as (l(xrild  later itl S(!ctioll  4, WI(1

of a f)’i?~ldi?l~  I11O(1C1  Of t]l(: Colll])kt(!  SJ’StCIll, silrllllatill~  tllc  tclcrolmt  l)(:lfolIll:lllcc:  Ilsing

t h e  tl”u(:  (l(!lay data. lV1lCII  tll(:  r(’slllts of tll(’ sillll~latioll am SatiSfilCtO1’~, tllc  Colltloll(:r is
~mrtd to t,hc real-tilllc cll\’ilO1llll(:llt  (Icscrilml II(xt.

2.2. The real-time environment

‘1’lIc test, o f  tllc  control algoritllll]s  i s  slIoJvll  ill tllc Imttolll ]mt t of lri,gurc 2 ,  and

consists of t,llc cx(xmtion  of sillll)lo  t(:l(:lllallil)llliltioll (:xl)(:lilll(’llts. 111 01’(1(!1”  to Salrc d(w!l-

ol)lll(!llt  tlilllc, t h e  tdcrolmtl US(X1 II(w) is tll(! l’(/71/f)7/10?I<9(: d(:scribd  ill [8 ] .  ‘1’llis  systcvn
cmwists  of a controller for a tnwdof,  form rdl(wt  illg l)lallar  I[ltlllil)lllatol,  all(l  of a virtual
CIlvilonmcnt  l)o])lllat!(xl  l)y S(’v(!l”al Ol)jccts. ‘J’ll(w  t~vo (’l(:ltl(:llts  rc~)rcs(mt  tllc  local IIlastcr

and slave shown  ill l’igurc 1-(1)). [)11(I of tll(:  ol)j(wts is (l(lfilL(xl  as tllc  (’lld (! flkctor  of a vir-
tua l  s l ave  lnanil)ulator,  colltroll(’(1  ill lmsitio~l  all(l for(()  l)y tll(:  l)lallar  Inallil)ulator  wllicll
then lmx)mcs  t,llc! tcl(ml)ot!  Illast(!l’. ‘1’11(! 1 ‘ant 0111011s(:”  (’llllllat[!s  a Coltl])lctc  t(!l(!rol)ot’ l)y

coml)utillg ill real-tiltlc tjll(: illt(!l”il(:tioll  of tll(’ slav(I Itlallij)ulator \vitll tll(:  ol)j(:cts  ill tllc

vir tual  clll’ilc)illll(:llt,  and l)y al)l)lyi~lg tll(! resulting  virtual forms to tllc  actuators of tll(’
two-[lof  ItlastRI’. ‘1’lIc  l)llysi(:al  cll:lla(:t(:listi(s  of tll(:  virt  ual ol)j(’ctjs  (~msitlioll,  sllalwj  lllass,
fr ict ion,  clx. ) arc 11s(11” dcfill(!(l,  illl(l tll(! illt(!ractioll  b(’t~v(x’ll  tllc virtual  sla~c lol)ot  all(l tllc
virtual  ol)jccts is (lis~)layd  oll tllc co]lll)ut(:r  s(r(x:II. IIy using  a virtual slaw, Imtll  IIlast(’r
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~~;;~~gf?g:

4. 1 )ifler(nlt Co;}tillcl)t

‘1’al)]c 1: t,iln(!-delay l)araltl(:tcrs  f’ol tyl)ical  IIlt(llllct  coIlllectiolls

and slave controller arc illll)l(’ll)(\Ilt(!(l  ill tll(! sal Il(! colll~)utcr, tllm gr(!atly  silllI)lifyillg  tllc

cxlmilncntls.  1 Iow(n’cr, tll(:  II(WI of” col[ll)utill~  ill r(’al-tiltl(’  tll(! cvolutiol]  of tll(’ v i r t u a l
(!ll\’ilolllll(:llt  lilnit,s th(! ]lllllllm of allow a])lc ol)j(’cts illtcractillg  with t Ilc slaw rolmt.

‘1’1)(:  c o n t r o l l e r  for tll(:  tcl(mlmt syst(:tll  call I)(I illll)l(:lll(’llt(:(l  w i t h  a c(:lltralimd or
a  dcc(nltralizcd struct,urc. ‘J’11(1  first  al}l)roa(ll is WYI1l sllital)l(’ fo r  t h i s  illcllit(:ctlll(!,  l)ut

it dots I lot address tll(:  dial) ilitjy 1( ’(lllil(:lll(’llts of wal systmlls, sill(c  ill cas(’ o f  coln-

munication  illt(:ll~ll)tioIls,  (:itll(n tll(:  Inastcr  or t}lc sla~rc will rc]llaill  without,  con t ro l .  A
dccmltralizcd  colltlrollcr  is ltlorc rol)lwt  to colllllllllli(:ltiO1l”  illt(’llLl])tic)l]s  all(l is dcscrild
later ill S(xtlioll  4.

‘J’hc real-tlilnc software is (I(!scrilml  ill [8] all(l  is sultllllarizc(l  IIcm for (c)lIllJl(:tellc:ss.  It
has a iumlcd  structure’, ill Ivlli(:ll  a ]Ilaill  ~)rogralIl  llaII(ll(w  all llolw(’k(wl)illg  fallctiolw, aIl(l
a  rml-t ime interr{l~)t scrwr 1)(’rforl[ls  tllc  tiltl(’ critical ilcti~’iti(’s, as S11OWII  scllmllatically
ill 1{’igurc 3. 1 Iollseliccl)illg  a(:tiviti(w arc carric( 1  ollt  at il lo\\’(!I”  l)riolity  tllilll tll~ (“OlltI’ol,

and include init)ializat)ioll  of tllc  virtllal  (!]l~’ilolll  ll(!llt, 11s(’1 illt(’rfac(:  all(l  g;ra~)hical (lisl)lay.
‘1’imc critical actli~itli(w  illclu(lc  (lata ac(luisitioll  fro]]) tll(:  Illast(’r, cc)llll)llttltic)ll  of tllc slave

colnlnands,  collllllllllicat)ioll”  with  tllc  r(’fl(:ctor,  collll)ut atioll  o f  tllc  int eract, ion forms ill
tllc  virtual world, and actluatioll  of tllc  Inastor.

IIltl(wlct  across is illll)l(:ltl(:llt(!(l  Ivitl( stall  dad so(:kd  (Iatagralm+ that arc s(’llt  to, and
r(mivcd from, tll(! N’flcctol” witllill  tll(’ r(’al-tiln(’ ])1’()~l”iltll. ‘1’llis  al)~)roacll  allows (Iiflhwlt
tylm of tilnc-d(:lay,  since tllc  (I()][llllllllicilti()ll  with tll(! r(!flcctor call I)(: l’(!l)lacd  l)y Ot!llcr
d e l a y s  sudl as, for Cxallll)l(!,  a fix(’(1 (l(!lil~ g(’Il(!I’at  (’(1 l)y a .fi7tsi-77/-,fi7.si-  Ollt Itl(:lllol’y  l)llfl’(!l’.
In  this  systmn,  tll(’ fo rward  da ta  l)atll is lollto(l”  t}lrollgll  tll(’ r(’lllotc 7“(!.flccio ?’, N’llm’as
fccdlmk data, frolll tll(:  slave to t 11( I Illast(’r, arc (Ixcllatlg(I(l  lvitllill  t lIC wal-tilllc soft wwrc.
‘J’llis  da ta  flmv stlr{lctul(:  is jlwtifi(’(1  l)y tllc asslll[ll)tiolw  saltll[lariz(d  ill %:ctioll  4.

111 tlhc followil)g  S(xtiolls,  w d(xrilm tll(:  various  fullctiolw  of tll(:  syst(vll  and jus t i fy
our atcllitc~ctlllt~l  clloi(:(x. lJllI’tll(!I’11101’(’, w (Iiscuss sill~ulations  atld  (wlmilllcllts  o f  a
~)c)sitic)ll-l)asc(l  fol(:(:-l(:flc(:tillg  collt  1011(:1 (I(lsigll(xl  usil]g this (:111’ilolll]l(:llt.

3 .  In te rne t  mode l ing

]n this S(xtiml, w dis(:llss  tll(:  cllaract  (’list  ics of lllt (Jrll(’t that arc r(:l(:vallt  to a tder-
olmtic colltrollcr.  As Illclltioll(’(1  ill S(x:tioll  1, tll(’ tww lnaill  f ac to r s  il~flumlcillg  lllt(wlct-
basc(l  r o b o t i c  control  arc tlll(: trallslllissioll  d e l a y  l)(:t~v(’(vl  tllc  lnast(’1  a~ld tll(:  sla~r(i,  and
tll(! 10SS Of data l)ack(:ts (111(! to 11( ’t\ VO1’li (’O1lg(Wt  ion.
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WC tlr(:at, tll(:  Illt(!rll(’t  s(:glll(:llt  a s  a  l)lack lm, sillcc it is \’cly (Ii f[icult  to gmlcratc
an analytical Hlodd  of tlll(: (I(’lay, and W(I 11s(:  so ftwar(: tools  to ln(’asur(!, (n’cr a giv(vl tilnc
illlcrval, t~lc YO1llIC1 tri~}  tilllc  (]{ ’1 ’’1’) of ])1’ol~ill~  ]M(:kcts  Scllt  t o tllc!  r(nllot (! tc]crol)ot.  ‘I’l Ic
modding  difficulty stmns  frolll tllc  large llullllw  of IIlt(:rlld  lmrs all(l  froltl tllc  througlll)utll
queues and mut,illg  ]mlicy  of cac]l  colll])utcr  aloIIg  t]lc  (wllll(xtioll. III fact, lwfor(: rcacllillg
their destination data Imclids trawrsc  S(lJ’(’I’iil colll~)lltcrs, calld nodc(s, cacll handling  data
Stl’(:alils  fK)ll)  difIcrcllt  S0111’(:(’S. l{;ii(”ll  110(1(! (]11(!11(’S tll(’ illcolnillg  ~)ad{(’tS a n d  rollt(:s  tll(!ln
to a nmlc  closer  to tllc  l)ack:t  (l(lstil)atiol). If’ a Ilmlc is mwloadd,  it IIlay discard sol)lc of
tllc  illcoxnillg lmckcts,  or it Inay  rou te  tlllmtl  to a 1(:ss I(m(lcd  s(m’(!r, tlius  illtroduciIlg  all
ull~)rdictal~lc (lday  ill  tllc  data str(mtn , atl(l ~mssil)ly l(msitlg so]nc lmclwt  [16].

‘J’hc s t a n d a r d  tools of IIltmld  collllt~llllic~itioll”  ar(! I)ascd on ‘l’CI),  lJ1)I’ and ICNII)
l)rot,ocols [1 1].  ‘1’llc latt(!r  is IIS(I(I  olily for Ilct!fwrk IIlollitoril(g  l)llrl)osw,  ‘l’Cl’ illclll(lcs
rdial)ility  f(:at,urcs, SUCI1 as error  wcovcry,  latgc  ])il~k(’t s})littill.g all(l  rcor(l(:rillg,  all(l IJI )1)
Wablishcs  a l)arc  d a t a  collll(:(:tioll  lmt~v(x’11 two I)roc(:ss(:s.  Since ‘llCI’ f(:atllr(ls illtro(lum
an cxccssi~’c mwllca(l  all(l (:all~lot  lW (!xcllld(xl Iy tllc  (Iscr,  tll(’ IJI )1  ) l)rot OCO1 is l)r(~fcrr(xl
for comtant  d a t a - f l o w  al)l)licatiolls  such  as control”  all(l Illultilll(dia  scssiolw. WTC US(!  all
lCMI’-basd tool  to IIIcasur(: 1{ ’1 ’’1’, sill(x’  it a(](ls a Iwgligil)lc  o]c!rll(zid  to tllc  lMNI l)ack(i
trawling time, aIId t)llcrcforc yields a tmc ]IIeasurc  of t lIc IIctwork  l)(:rfol]ll:~llc(:.

‘1’llc 7cflcct07  sinll)lifics  t,llc (:ollll)lltatiO1l”  of tll(:  1{”1’’1’, sitlcc all ltl(?21slllc111(:11t,  ar(~ (Iollc
local ly in tlllc cmnl)utcr  tl:lllslllittillg  tll(! J)mI)ill~  lmck(:ts.  ‘1’1)(: ICMI’-l)asd tool  is a IIlo(l-
ific(l  pz?lg  r(mtill(:, w h i c h  s(vl(ls  a strcaln of l)rol)illg l)aclwts  to tllc  rcflcct,or [7]. I ‘add
1’at(:S fl’CHll  1() to ] ()() ?)1,$’ arc c1lOS(VI,  Sill(’(: tll(!j’ al”c C1OSC to tyJ)iCal  tcl(!ro~)otic collllllullica-
ticm rates. ‘1’al)l(I 1 slim’s  tll(! (Iday l)aralllct(:ls  of collll(’(:tiolls”  of variolls  lml~llls  Illciasur(d
wit)ll  100 ms l)rolm. ‘J’llc  (1111’iltioIl  of tllc 111(’:lsllr(’lll(:llt  is ;ll)~)loxillliltcly 1000 s all(l  it,
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transmitted data
0.1 ‘-— 

T
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received data

:[;iV~Ji\
- 0 . 10- - ‘ I

200 4:0 6:0 8;0 1 Oho 1200 14’00 16h0 18’00 2 00

Figar(!  7: l’~flix:ts  of varial)lc  (Iclay all(l 10ss(:s  011 s ignals .

‘1’llc avmagc  d e l a y  stm]lgly (lq)c]lds  011 111(:  IIctwork  l o a d  slid Ilsually  sllo~vs  daily
and weekly variatimls,  as SI1OWII ill l’igurc 4. III tll(:  fllturc, tile  (lail~r  flu(:tuatioll  o f  t h e
d e l a y  can  lx usd to ~)rdict  tllc  delay  l)aralll(:tcrs  all(l a(lal)t  tllc  colltroll(:r  gains.  A Illorc
dctail(xl  dmcril)tioll  of tllc lil(::lslllcIIIl(’lIts  1)(’rfor~tld  is fc)ulld ilk [ 2 8 ] .

F’rom thm lll(::is~ll(!l[  l(:llts,  011(: call coltll)llt(’  t 11(! tllwuglll)ut  of” the collllcctioll  [4]
and  d e f i n e  tllc lll)l)cr  lilllit o f  tllc (w]ltlollcl.  lmlldwidtll.  Si~l(c it i s  sllo~vll  ill [ 4 ]  tl)atj l)y
li~nitiIlg  the data rate to 10% of tl)c tllrou~lll)llt  (11(1 ]l(~twork is llot  ovcrloa(l(xl,  tll(:  d(xigll
o f ’  all IIlt(:rllc:tl-l)  asc(l tcl(m)l)ot  Illust  fill(l  a collll)rol[lis(!  l)ctwwll tllc  (lata rat,c all(l t,ll(:
rmultillg  I)acld dday.  III ~)rill(”il)l(!, a lligl)(!r  rate wnlll(l  illll)mv(’  tll(’ l)(JIfoIIll:~IIc(I  of” the
coml)ldc systcm, how(wcr tl)c mult  ill~ Ilctwork  overload” uwul(l slightly in(wasc  tllc  delay
and substant ial ly  illcrwm tl)c l)ack(:ls loss(w ()]1 t 11(1 II(Itwork  scgy[lmlt, t]lus  rcducillg tllc
actual systlcm ~)dorlnallc(:.

‘J’hc shape of tllc  l)rol)al)ility  (listril)utioll  of tll(:  tiltl(!-(l(!lay  and its valiall(”e (1(11)(111(1  011
tlllc nu]nl)cr  of Ilo(lcs  traw!rs(!(l. If tll(:  collll(’ctiolls sl)alls only  a fcw IIOCICS, tllc  distril)uti(nl
is (xl)onclltlial,  since the dolllillallt  factor  is tllc l)(!lfolltl?lll(c of tll(:  slowest 11()(1(1, as shown
f o r  }Iost 2 ill F’igurc  5. IIonw(:r, if tll(’ 11111111)(11  ofllo(lcs” is suflicimltly  large,  tllc  til[)c-
dclay  fo l lows  tll(:  Gaussian  distril)lltioll  of l“i~ar(!  6, a s  it is cxl)cwtc(l  ill a Ilctfvork  o f
indcl)mldcnt  queues SHCII as, for (IxaIIll)l(I, a collll(’ctio]l  l)(:tw(:(:ll  tll(:  LJnivcrsit,y  of l)adova
and  t,llc Jd l)ml)ulsioll  I,al)oratory [] 8]. lx)llg distatlc(!  collll(’ctiolw”  ilnl)ly  larger l)ackd
ddays and larger variat,iolls  of tll(:  (lclay, sill(w (Iata  l)ackcts  ][lust, a(mss cro~vd(xl  l ) a c k -
1)011(! scgmclltls. l“1ll’t,ll(:l”l[  lol’(!, ‘1’al)lc  1 SIIOWS that  IIigllcrl)ackct  10SSCS arc tol)(~(:xl)cct(:(l
cvml for low data ratlcs w1l(H1 tll(:  collll(x:tioll”  ill~’olws  all illt(:lcc)lltill(:l)tal sc~lllcnt.

‘1’llc cfl(xts  of 111(:  varial)lc  ti~[l(:-(lclay  all(l of tl)c l)ack(!tl  10ss(!s  arc S11OWII  ill l“ig(lr(!  7
f o r  a  tlcst wavcfor]ll  smlt mm IIltmlct. ‘J’IIc U1)lKII  lmrtj of’tllc h’igurc slIows a  sitlusoida]
sig]lal  sam~dd at 10 7)/<s rate , all(l tll(:  l)ottolll  lmrt o f ”  tllo P’iglltc  SIIOWW tll(:  Ivawforlll
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rcccivcd  at the rmnotc  si(l(!  of a 1 M l{]tl  llltml(’t  scg]llclit.’l’ll(’  tilnc (Iclay wriatio]ls and
])ackctl  losses a~)~x:ar  as IIoisc 01] tll(:  or iginal  sillusoi(l,  all(l arc l)crc(!iv(xl  l)y tll(:  us(!r as
a fcclillg  of mughll(!ss  il\ tll(! force f(dlmck. ‘1’11(: sl)ik(w ill tll(:  waw:for]ll  r(q)ms(llt  lost,
l)ackcts,  whmms tll(:  waw!forltl  (Iistort)ioll  is (111(1  to t llc wrialdc t ilm(lch, lvllic~l  alt ~~’s
the ~)ackcts  S(XIU(:IICC.

1 lccausc of tllcsc  colwi(l(~rat  ions, ill t 11(I lI(Iar flltllw lllt (!rll(lt -lmsc(l tcl(wl)ot  ic colltml
architl(xtum  should I)c dcsigllc(l  Il]ostly for sIIIall  gw)gral)llical arms, scrwd ly local area
networks with a slIIall  Ilu IIllm of II O(lCS aIId Iwrs. ‘1’llis litnitatioll cloes not l)rc(luclc a
IIUIIIlm  of illtlcrcsting  all(l  Iwful a})l)licatiolls,  SUCII a s , for (xallll)lc,  tclcwurgcry  }vitllill
the salnc hosl)itjal, and llolllc (arc witllill  a sillgl(l city. 111 tll(:  lol}gcr  t(wll, tllc  availal)ilitly
of higher  lntcmd  Imll(lwidt]l  will (xt(vl(l  tel(wlmtic control to larger areas. F’llrt ll(:rlllore,
additional illl~)lo~’clll(:llts  arc (xlmctc(l  frolll tww II(w’ IIlt(’rll(:t  stall(lards,  l{cS(!r\Tatioll l)m-
toml (l{ S\’ I)) and lntmld  l)rotlocol”  wwio]l 6 (11’v6).  l{ S\T1) is a r(mllrcc s(’tul)  l)rotocol
t,llatl su~q)lcm(mts  tllc  basic  11’ s(’rvicc  [6] ly allocating slmifi(d  valu(:s of tllmuglll)ut,  all(l
Inaxillluln  dday. II)V6 cxt(:ll(ls IIlt(wl(’tl  ad(lwssillg  slm(c  and tlllls, I)Y silnl)lifyillg  rout  iilg,
it should rc(lucc  tll(:  dalla (Icliwry iilll(’  [1 4]. 1 loww’(Ir, tllc  tilll(xl(’lay  will still 1)(: Iwrial)lc,
mld lnt)crnct-]msc(l  colltlrol  will still r(qllir(’  slwciflc t (J(lllli(lu(’s.

After this brief sulll~tlary  of tll(! IIlaill  l)rol)l(:llw  (lu(I to llltcrllct ~~itlli~l a t,(!lcmlmti(:
systmll,  in t,h(:  lid Scctio]l  w(! (Ics(:ril)c  a l)w(wlllrc fol  (1(’sig]lillg  a colltroll(’1 that colll-
I)(!IISatCS  th(: tiltlc-(lclay  variation  a]l(l  tll(! ])a(’li(!t  10 Ss(’S.

4. Controller design for an lntmmet-bascxl tclcrobot

‘1’o make tllc  (mltml l)N)I)l(HII  ItIor(I ItlaIIag(Ial)l(I, TV(! ltlalw a f(’~v sil[ll)lifyillg  assuln~E
tiOI)S. 111 gmcral,  tll(! fO1’W’al’(1  all(l  tll(’ f(!(’(ll)a(:li  (lata ]Mltlls  Of’ all lllt(’I’ll(!t-l)  21$(\{l t(:l(’rol)otlic
systcln  arc cllaracteriz(!d  ly (liflir(!llt  (Iclays, 7\ (i) all(l  l;(i) with l{rl’rl’(f)  = 7’1 (i) -1 !/L(f),
and by diflcrmlt  l)ackd  l o w s , a s  SIIOJVII s(:ll(!ltl:~ti(.;lllj’  ill I’igurc  8. Ilowcvcr, if IV(’ as-
sume  t h a t  lnast,cr  atld  slaw ar(! lillcariz(xl  l)y su i t  al)lc colltroll(!rs, w c  call siln~)lify  tll(’
Inmlcl  l)y collal)sing  t h e  two (lclays into a sillglr  011(’, ar])it rarily locat  (YI ill t 11( I forwwr(l
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l“igurc!l: Sillll)lifi(’fl]ll(jclcl  t)flllt(:]]](’t-l)asccl  tclcrol)otl.

dircctioll.  l~llltlllcll]lc)l(:,  ljy asslllllillg  tllatl  lml]l  (Iata  lmtlw  a r c  routed tllmu~ll tll(! salllc
lntlernctl  sc$mmlt,  WC collsi(lcr  1{’1”11  colwistlillg  oftww i(l(:utical collllmll(mts  }/(1), \Yitll
)/(t)  = lU’rJ’(t)/2.  Silllilally,l  t(:tlsslllll(’tl  l:lt  lmclwt 10ss(’s  al(:(:(llltllly  (listlil)(lt(’cl  011 cacll
s(:glncntl.  Givml tllcs(:  assulll~)tiolls,  tll(’ IIlo(lcl ofl’’igllr(’8  lmolll(w tll(!silul)lifi(d  lllodel
sho\v  II in Figure 9. In g(vlcral, this ]110(1(:1 is only  aII :]l)~)lc)xilllatic)ll  of a tc](wlmtic sys-
tcln, but h(m it, justlifics tll(’ structllrc  of tll(’ data ~)atlls 11s(:(1  ill tll(! l(:al-tilll(’colltlc)llcl
dmcrilmd ill %ctioll 2.2. ])ata froltl tlllc l[lastcr to tllc sla~w  arc scIId tllrougll tllc IIltcrllct
v i a  tlhc mnotc  rc~iccto7”, and d a t a  fmu tllc  slaw to tllc luastcr arc (IxcIlalIg(d  illtmlally
to tlhc I’C ill tlll(: real-tlilnc cO1ltroll(!r. ‘J’ll(w!for(’, tllc  total cc)ltll[lllllicatlioll  (lclay  Ii’l”l’
aflccts o]lly Ollc d a t a  l)atll,  ilS ill tllc  :ll)l)~oxillltltc”  tel(’rol)ot  1110(1 (’1 sllo~vll  ill F’ig(lrc 9.
l~ul’thcl’lllorc,  t]lc illll)l(!lll(!lltiltioIl  of tll(:  slaw! M’itllill  a virtual  (!lll’il’O1llllC!llt  sat isf ies  tll(!
linearity assulnl)tlioll for tllc  slaw! , :111(1  tll(! Itlc(llallical  Stl’ll Ctlll’C Of tll(’ llla St(’1’ ~llill’illltC’CS
a god liucarit)y.

‘J’o  lj(:t,tcl I(:l)y(:scllt,  t}l(:  Lllcllit(’(tlll(:  us(I(l  for tllc  r(:al-t,il[lc  (:ll~ilolllll(:l)t, tllc  1110(1(:1

of I’igurc  9 luust, also includ(t  tllc  illflucllc(:  of tll(’ (lis(rctc  (lata col[lllllllliciiti[)ll.  IIc(. aus(:
of  the structure of  the mll-tiillc  colltroll(’1,  lmclwts  s(’llt I)Y tltc  Illastcr to tile  slave arc
in i t i a l l y  synchrollizd  to tll(’ colltroll(n  cy(:l(I  til[l(’. Ilmwwcr,  duc tll(:  varial)l(:  tiln(’-d(’lay
int,roducd  by the Illtcrllct  s(:glllcllt  a~l(l l)y tll(! lack of syllclllolliztitioll”  Ix%ww:ll  tll(:  rcal-
tilll(lcc)xll~)lltl(:r  and tllc  reflector, tllc r(miw!d lm(k(!ts arrive l:lllclolllly~{’itll  rcslx!ctj  to tll(:
colltrd qdc. Sillcc data ~mcli(:tls  ar(! acc(!l)t(d  OIIIY at, a slx:cific lmillt  of the control  1001),
tllc  varial)lc  time-(lday is roull(l(xl to a Illultil)l(’  of tll(’ colltroll(:r  cycle. ‘1’llis  is lllo(l(:ld
ly adding  tllc  two  syllcllmlliz(xl  so~llplc a71d }IjOld (Jl(!lll(’llts  sll(mll  ill h’igurc lo, wit]l  a
salnl)ling  time qual to tlllc colltjroll(:r  cycle tilll(’.

‘1’hc results  of t,llc lllt,(vl](’t  111(’:]slll(:lll(:llts  sll(nv  tha t  tllc  tiltl(’-(l(~lay  of a collll(:ctioll

consists of a slow variation (Iuc to tllc  awrag(!  Il(!twork  load  with a 1)(’rio(l  of twwltjy  four
hours,  and a faster, jitter tylw, variatiolk  (111(’ to tllc  Ilo(l(w o f  tllc  s(’gltlmltl  all(l  to tllc
syllclllollizatic)ll  with the control cyd(!. 111 tll(:  foll(nvillg  fk’ctio~w  WYI l)rcs(mt tllc  (l(wi~ll
of a colltmllcr  stjfll)ilizillgc)ll[ t(:lcrolmtic  sot-u])  against tll(w variation of tll(! tilll(!-delay.
‘J’llc  ra~)id variatiolls  o f  tll(:  iilll(:-d(:lay all(l  tll(’ lmck(!t  10ss(’s  ar(! tr(:attd  s(’lmrat(!l~r  a s
Ilois(:  affcctiug tllc  signals,  all(l (ollll)(:llstitc(l usill~ a (Ill:lsi-ol)tlilllill  (!stilllatol.
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F’igllr(: 1 (): Sallll)l(xl  (lata t(:l(wlmt  ic syst(:lll.

4 .1 .  Con t ro l l e r  clcsign

\~7c ~(~*lsi(l(!*  t,l)(: st,a~l(]~l(l  ,~(~sit,i(jll-~~;ls(~(l  for(.(1 ff,(~(ll)a(:l;  s(jl(illl(!  [1 3 ]  SIIOJI’11 ill I“ig-

urc 11, an(l w(: in’olmsc a Ilcw dccultralizcd  colltmllcr  IHscd 011 state varial)lm fc!edlmck.
In this scllcmc, the forcm acting oll tllc IIlaster arc l)lol)oltiollill  to tllc diflt:r(:llcc Imtwwvl
the lmsition of tlllc master slid that of tlllc slave. l“or silnl)licity,  wc collsidcr  a sillglc dof
syst,mll,  W11OSC sl)acc-state cqllatiolls arc giml Iq’:

7i(t 17)
Wllm! h(f) =- - --Jj-- ~(tQ , x] a~l(l X2 r(!])r(!s(!]lt  tll(! Itlast(’1’  and tllc  Slav(!, r:] and O:Z rq)r(:scntl

tlllc full stat,c of Itlastcr and Slav(:, “ ]~’ :11,(1 X2 =:/; ] =-” [1:,,, , :7:,,/ [,,,,, i,,$]~’,  a,,d ,,,, u~ a,c th(!
ill~)uts  to t h e  Illast cr and tO tlI(: sla~r(’, 1(’sl)[~(’ti~’(:ly.  ‘1’11(’
equations arc givml  I)y:

Illatrix cocf[ici(:llts of tllc s ta te

[ 1o 0.— q,. () (2)
Al,,,

-[ 1() o. ~; o (3)

W1lC1”C KfT lC1)I’CSCI ltS tlll(: fol’(”(: f(!(Xll )a(:l< gilil 1, KT) r(:l)r(wllts tll(’ gaili of tll(:  slave colltmllcrj

and M7,t , IJ,,,, Af,, 11, rc])r(!s(’llt  IllilSS(’S all(l frictio~l  c(Mici(’llts  of tll(’ lllast  (’1 atl(l tll(:  slav(!.
For  the systclll  l(!l)l(’s(:llt(’(1  l)y (quatliolls  (2) JV(I l)rolms(:  tll(’ (l(:c(’lltltllizc:cl  state f(d-

Imck c(mtroll(v  giv(:ll  I)y tll(:  follmvillg (xluat ions:

where  K] u [K] (1 ), K] (2)] aII(l Kz : [Kz(l  ), A-2(2)] aw two gaill wctors, as S11OJVI1 ill
l~igllrc  12.

Sill(:(: stlat(:  fc(dl)acli  (:11 S111’(’S (W1’r(:(:tj  ~ l’ilCliiTlg only  Tvllcll  r(!fcl’(!ll(:C  all(l  fc(xll)ack arc
multildid  ly tll(:  saltlc  gain, it fol lows t,llat  Ayl aTI(l A 12 (Iclx:li{l  011 tllc co~ltrollcr  gailw:

(5)
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l“igurc  11: 1 ‘ositiolt-lmw(l  for(x) f(dlmck.

Not,(:  that this constraint  IIlak(!s sollltioll  Ill(!tllo(hi  SII(lI as  tll(’ OIIC dcscr
~)licaljlc  to a l)ositic)ll-l~as(!(l  form r(’fl(!ctillg  t(:lcrolmt.

l)cd ill [33] illal)-

‘1’hc state cquatimls  (2) arc r(writt(v]  ill colll~)act forlll illclu(lillg  tll(:  controller (yua-
tiolls (4) as:

>; : :i:(i)  =- Ak:r(i) -t A,,:r(f - h(f)) (6)

Whm! x Iqmcscnt!s tfllc ov(:l’all  Syst(!lll, and tllc IIlatrix  cocflicicllts  arc:

‘1’lIc coll~l)utatioll  of  tll(:  h!(llmck  gains  fol tll(:  cOII1 r o l l e r  i s  l)r(wnltcd  ill tllc  AI)-
l)mldix.  The value of K 1 al)(l Kz arc: is:

K,(1) > ‘y,,,  –  I
–--4--- M,,, 02 (8) li’~(1) > y-l~- Af,f (12 (10)

1$’}1(?1”(!  G ‘: j-!-+ , //(t) < 
7’ < 1 v i  I’q)l’(’s[vlt s t 1)(’ I)(!t It’ol’k ])(:l’f{)l”IIlil ll(:(:, a~l(l  ‘y,,,,  ~,$

am frw design ~mraln(:tjms.  Sill(:(: (quatiolls  (9)-(1 1 ) llavc alvwys  a solution,  it is l)(lssil)lc
to fillcl a dccmlt)ralizcd  colltroll(!r  of t 11(1 forlll gi~wl l)y (quatimls  (4) t]lat stal)ilizcs  a t(:lc-
olmator  wi th  l)ositioll-l):ls(’cl”  for(x) f(wll)ack  ill tll(:  l)r(wll(:(: of a varial)lc  cc)llllllllllic:ltic)ll
dcl ay.

‘J’his  cmt,mllcr guaralltl(w tll(j  sta])ility  o f  tll(:  ]Ilast(’r a~ld tllc  slaw (WI] ill tll(:  cas(!
of  illt(mwpt)ion  of tll(:  col[ll[lllllic:itioll”  Cllallllcl. 111 f a c t ,  A,l =- () i]] cquatioll  (6) al~(l tl~c
syst,cln  is still st,al)lc  sillcc Ak < (), froltl cquatioll  (1 8). ‘1’his  a~)l)roacll  rmnains  valid  also
W1lCVI a ]msitlioll  s c a l e  factm K, # 1 is illclll(l(d  ill tile  fomwd l)atll,  sinm 1<., Illustj  I)c
colnlxnlsatcd  ly a tmn ~~z ill tll(:  fcc(llm(:k  l)at II, to ~)r(wrv(: tllc  collsist(mcy  of t IIC form
feedback. Finally, stal)ilit,y  (I(!IN]I(ls  011 tll(! value  of tll(:  tiltlc  dcri~ativc  of tllc  delay, and
not) 011 tlhc dday  itself, thus l)r(nidiri~  a]t 101) shl)i]ity  ((jll(litioll  [1 5].
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l’igurc 12: 131A diagraln  of 111(: state fc[!dlmck  colltrollu.

4.2. Jitter and losses compemation

A s  Incntiolled  ill the l)rcviolls  S(wtioll, d a t a  s(!Ilt  01’(’1” tllc  Itlt[u’llet  arc col”rll])tcd  l)y

noise duc to the time-(lclay jitt(v al)out its awrag(: Valll(! all(l  ]Elckd 10WS, as shown

earlier in l’igurc 7.
l)clay  jitt(:r,  l]mvcvcr, i s  Il(:itll(!r  all ill(l(’lwll(lcllt  a(lditiw  llois(:,  Ilor a  })hasc Ilois(:,

and it, afl’cds  lmt,h alnl)litu(lc  all(l fr(qu(:ll(y  of tll(:  tralwltlitt(xl data.  Since it is difli(nllt
to dcsi~ll a stochastic filter tllatj  (:liltlillat(w  this Iloisc, wc take ad~ralltagc! of tll(:  fact

that, ha~)tic fmxll)ack is
lntcrnctl  noiscwitl]  tllc

lml(lwi(ltll all(l alll~)litu(l(:  lilnit(xl,  all(l W(I a~)proximatc  tllc  t r u e
umr(si  C(f<$c  a(l(litiw  Ilois(: giv(’11  ly tllc  follmvillg  rclatlioll:

(-J(, = (27rBA)’w (12)

wh(m A  aIId 11 ml)mscllt tll(! Inaxil[lulll  values  o f  tllc alnl)litlldc and frcqumlcy  o f  tllc
tralmnittld sigllal,  and 0(1 is tllc  variallcc  of tll(:  delay collll)utd  froll] tllc  1{”1”1’ Incasurc-
ltlmlts.

WC compmwatc  this lloisc wit]l all ol)tilllal  filtm at tjllc s lave  s ide . ‘J’hc filter is
an asymptotic  Kallnan  flltcr, Il]atcllitlg  tll(:  Illastcr ]110(1(11 atl(l  tllc itll)llt/c)lltl)llt  Iloisc

r— r “--”1- I
Packet
loss
detector

I  ‘ - - — - ” “~
I

L

u(t)

]~””’ I__
u*(t-(h(t))

‘----f zhol-’’i~$an 2 “
x*(t-(h(t))

[

F’igurc  13: 1 ‘r(qmsc(l cst il[lt~tol-l)ils(~(l  jittm filtcrill~;.
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F’igum 14: Coln])arisoll  I)ctwcell rcc(livc(l  and (Istilllatd  lmsitioli.

va r iance  of equation  (1 2). ‘1’llc I)lock (Iiagraln  of t lle lmrtioll  of tllc  t clcrolmt with tllc
jitt(:r conlpcnsatiol]  Willlatm  is sll(nv]] ir) F’igllrc  13.

S igna l s  V* and X* ill l~i~ar(!  13 citlhcr t alw 111(  I values  of the dclay(xl  signals II aild
3: W1l CII they aI’c ])rcsmlt!, 01’ li(!(!l) tllc  last valll(’s r(’(.civc(l,  ill Case of’ I)aclict l o s s e s . Ill
case  of long  illtcllll~)tic)lls il)(!l), tll(:  outl)llt of th(! csti~llator  wil l  col~v(:rgc  to a l)(witioll
s l ight ly  difknw]t, fmlll  tlllc last rcc(!iw(l  set lmillt. ‘J’llis  difi’cmlcc  is s]wcificd  during  the
filtfcr  des ign  and Illust  lx: witllitl  lIIC safctjy ]Ilargi]ls  of 111(, systmn. ‘1’llc cstil~latol  filters
snort  illtjcrlll])tjiolls,  suc]l as sill~lc I)ackct 10 S W S. ‘J’lIc rcsultjs of a silnlllatioll  using  this
cmlfiguratjion  is showl  in l“igllr(! 14. ‘J’llc olltl)ut, of tllc filter is IIlucll slnootllcr  tllall tllc
rcmivcd signal,  and t]lus  accc])tjal)lc  as a r(:fer(:llcc  for t lIc slal~r  systcl[l.

‘1’llc nctj form v al)~)licd  I)Y tlllc olmrator  t 0 tllc Illastcr rqmscnts tllc forces at the
Illastcr llalldlc,  rcduccd l)y tllc folw  fC!Cdl)aCli  guleratcd  Irj tllc Illastcr ac tuators .  TTTII(:I1
a form SCIHH is Ilot, awilal)l(’,  it is still lmssil)lc  to ol)taill  a l)r(’cis(: (wtilllatc  l)y using  all
apl)mpriatjc  obsmw  [29].

5 .  Exatnples

in this  ScctiOn WC lm:scl]t silllulatiolls al)d trots of tll(! Colltrollcr  (I(!s(:rilxxl  ill tll(: l)re-
vious  Section with the Cxl)(:lilll(:llt:ll  set-u]) of” l“igarc 15. ‘1’lIc h’igurc S11OWS tlllc real-tilllc
~mrtion  of the dm+ign  and wlltrOl c’ll\’ilC)lltll(’llt, l“(!l)l’(’S(’l  lt(’(1  1)~ tll(} lil])to])  (: Ollll)lltCl”,  ?lll(l
tllc  2-dof mast(:r.  ‘J’11(:  lal)tol)  is i] 486-1)X66  I)C, with two 1’CMCIA  lmar(ls  illtcrfacillg to
the lntlmlct  atld  to tllc lnastcr.  ‘1’11(:  lnast(n  is tll(! l)lallar  tww-(lof  direct driw Inallil)lllator
d(:scribcd  ill [9]. 1“01 tllc  (:xl)(:lil[l(:llts,  tjll(: colltroll(:r  cycle is set to 350 IIz.

‘1’able 2 sulnmarizcs  tll(! (:ll:lltlct(:listi(:s of t 11(:  Illtullct scglncllt  Ix!twwll tllc IIlastm
and the slaw used in tllc siltlulatliolls. Siltllllatiolls  Callliot rel)licatc tllc quali ty of t,ll(!
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‘; ‘  “.-z - - - -  -x’-  ‘ ?-’-” ‘——
1, 1I 1

l“igllr(!  15: ‘1’11(! l’;xl)(’liltl(:lltal  s(!t-ul).

hulnan  pcrccl)tioll, l)utl t 11(:Y  l)rovid(!  u se fu l  ill(licatiolls  al)out t 11(: ~mforlnallc(’  of  the
controller. ‘1’hc tylx! of tlunillg lmsil)l(:  is d(:lllolwt  rat (d ~vitll  tll(! ~)lotj of I“igurc  16, sllowrillg
simulations carrid out with lrlislnatcllc(l  controller gailw. ‘1111(:  to]) l)art  of l“i~urc  16 sllo~$’s

the lmsition of the lnaster all(l  tllc  slave, all(l  tll(:  lmtt 0]11 lmrtl  of tll(:  l’igurc  shows the

inl)utl form and tlhc form fwxllmck at, tllc  Illast(:r. ‘J’11(1  r(!slmnsc of tl}lc  tclcrolmtl  to a form
illl)ut  of ().15N,  al)~)liml frolt)  1 = 0  to t = 2 s  i s  slIoI\’11 ill tllc  left si{lc  of tllc  t~vo ])lots.

1 hlc to the ve loc i ty  fdl)acli  of lmtll  colitrollcrs,  I[last(’1  and slaw! arc rate lilnitc(l.  ‘1’lle
force  feedback gmlcratc(l  at t 11(: IIlast(:r is (lu(I t o t 11(I collll)illd  (! fi’cct  of lmsitioll  mm

and ratlc fccdl)ack.  ‘1’IIc:  for(:(:  l)lot snows that,  tll(:  velocity fccdlmck  gain  of tllc  Itlast(’r  is
cxmsiw, sinm tllc  form f(mllmck  is saturatc(l all(l sto])s with all ovmslloot,  a s  s o o n  a s
the lnast(n  stq)s llloving, at, f = 2s. At i =- 4s a force disturlmll(:c  of 0.15N  is a~)l)lid to

t h e  slaw. A small  fccdlmck  form is g(nloratod”  at, t 1)(: Illast m’s sid(’, (luc to tllc  (lifhw!llt

va lues  o f  the fm l)aralll(hr  ~, set to 40 for tll(! ]nastcr  slid  to 4 for th(! slave. 111 this
case ,  tllc  form f(dl)ack  is only  dll(! to tll(’ lmsiti(nl  (!rror, sillcc tllc  lllast(v is at, r(’st.  ‘1’11(:

silnulatio~l  shows the IId of a(ljust, illg tll(:  gains  to I)(!ttcr  rq)ro(lu(:(:  at tllc  mast(!r  t he
forms mcasurc(l by the slave.

‘1’lIc final tuni~lg of tllc  colltroll(v  is l)(!rforlll(xl  \\’itll (’xl)(:lil[l(\llts, Slldl ;1S tll OS(! SIIOW’11

in I“igurcs  1 7  and 18. ‘1’lI(Is(I (xlmilll(!llts  consist  (i llsillg a  sillglc link  of  tllc  lllastcr

a s  inl)utl,  mlllllall(ling  tll(! lrirtual lll:lllil)llltltol  to Illow against) a llar(l  sulfa(x). ‘1’hc

‘J’al)lc 2:  IIlt,(ml(:t,  lmralll(:t(:rs  IM(I(l  ill tll(’ si~]lulatiolls
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h’igurc 16: Silllulation r(!su]ts.

The cxpwinlcllts  arc carried out< own two IIltcrll(!t  scgyllmlts  wit,ll  tllc cllalact(:listi(:s SI1OWH
ill ‘1’aldc 3. Sinm tlllc two sc!gtllcllts  lIavc! diflkmlt< values Of tllc tilnc dmivatiw Of tllc delay,
tl~clcsllltillgc(  )lltr()llclsal[:  (lifl(:lcllt,assll{  )\\llill(!(ll  l:lti()lls(9)  and (9).

F’igurc 17 snows tlllc rcslmlisc  of our (:xl)(Jlilll[:lltiil  tclcrolmtj }YIICII  using a local rc-
flcctc)  l”. ‘1’lIc  s l a v e  i s  coIHIIlaIIdcd  to ])IIsII  lIaNleI  against,  tllc  sulfac(:,  by increasing  tllc
l)c)sitiollof tlllc:Itlastcl.  ‘I’llctc)l)l  ):~ltofl~iglll(:  17slI()\fst  ll(:l)()sitic)Ilsc)  fl)c)tllItli  lstclallcl
slaw. ‘1’lIc slave is I)lockcd l)y tllc slllfacc , all(l its lmsitioll  slIows a slnall  liltlit  cycle duc
tot)llc slow sallll)lin~latc. ‘IIIIC Imt,toll]  lmlt of }Jigllm 17 snows tllc  fore: mflcctcd at the

mastm. l’llc  sl)ikcs am du(! to lmclwt 10  SSCS. A  (Iifhult tyl)(! ofmslmnsc  issllmvll  ill tllc
p l o t s  of l’igurc  18 ,  rc])rcsclltillg  aII ml)criln(’llt with a rcfl(xtor  locatd  at a distallcc  o f

10,000 kin.  ]H this cxanll)lc,  a sliglitly  larger lmsitioll  (Irror g(nl(:ratcs  a lIIuc1l  10WW form
feedback .  ‘1’11(:  lo])gcr tilllc-(l(:lt~y  results also ill tllc  S1OW(H S1OIW of tllc  form ~)rofilc,  atld

‘1’al)lc  3: Cllal/lctcIistics  of t,llc lntcIllct  sc,ynmlts  used  ill tll(! cxlmliltlcilts.
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6 .  Conc lus ion

A  d(!sigll mlvironm(mt  for tll(! i(l(:lltific;~tiO1l, collt  ml desifyl and test of a t(:l(vol)otic
systenl conncctled  to all IIlt(’rll(’t  s(:glnmlt i s  l)r(!s(vlt(d. It difIcrs from lmvious dmigll
cll~’ilolllllellts ill that it is sl)ccifically dcsigllcd  to address tllc issues related to tllc! colltml
of’ varial.dc  tilnc-dcla-j systcllls. ‘1’lIc IIlt,erllct  scgttlcllt  colltlwtillg  tile tl~o colll~)ollellts o f
a telcrobotlic  systcllls is treated as all ullkllo~vll  lnoccss illtro[lucing ralldolll delays and
losses which are idclltificd  using  ~)rolm lmckctjs. ‘1’lIc dc]ay lmlalllctcrs  a r c  used ill tllc
dcsigll  of tllic cmltroller Wllicll  is tllcll tested ill sillllllat  ion and mnulated  using a tfvwdof
force reflecting ]tlastcr and a virtual slave IIlovillg ill a sillllllated world.

‘1’11(! u]ldcrlyillg  arcllitcctllrc  illclll(lcs f140{iol~  i(l(’lltifi(:tltioll  and silllulatio]ls ]nodlllcs,
lnt,mlet, cc)llllllllllic:ltiOIL  routines, all(l  a silll})lc  rwl-tilllc  kerllcl  for cllllllatill~  th[! tf!lm-
obotlic  systcm. ‘J’llis il]ll)lc:lll(:llt:ltioll  el[ll)llasiz(!s  lmv cost and lmrtal)ility  to allow dcsifyl
and cxlmrimcnts  lvitll difl’krmlt systeltls  all(l  ill (lifli’rc]lt  u)lldit,iolls. ‘1’11(: real-tilnc  lWHIC1
does not require ally slmcialixc!d  soft w’arc  2111(1  it ill(:lu(l(:s  (Irilws for tll(! har(l~var(!  illt,crfacc
l)oar(ls  control tllc  twdof force rcflcctlillg  ]Ilast(n. ‘1111(1 ]Ilo(lular  arcllitecturo  l)rovi(lcs  a

ullificd  sul)~mrtl  for tcstillp, difl’(uwlt  colltroll(’r  stru(:tllrcs all(l (Iifl”crmlt (lclay colll~mwatioll
tech lliqum.

‘1’hc kcy f e a t u r e s  o f  tlllis  (I(wigll  (:11~’ilolllll(’llt  illclu(l(’: (i) tllc  ofl-li,,c  a n d  o~]-li,ic
s tat is t ical  id(nltificatlion  of all IIlt(nll(:t s(:glll(’llt  (:OILII(T1  illg tll(:  Illastcr and tll(:  slaw of a
telerol)otic  sys t em;  (ii) t)llc  (I(!sigl]  of a Colltrollcr  for a folc(:-f(:(:(ll)ack  tel(:mlmtjic  system
cmnl)(vlsatjing  tll(! IIltern(!t  varial)lc  tiln(vlclay  all(l ~m(k(’t lossw;  (iii) silllulatioll  o f  tllc
controller with a Aifatlab  l)ackagc; “and (7’7))  (vtiulat ion of t 11(! systclll  usi]lg a two-dof Itlastcr
connected to a sillmlated slaw.

‘J’lIc fllnctiolls of t,llis  cll\ilOlllllf:llt  arc CI(’lllollstltlt(!(l  ill sillllllatiolls  atld cxl)crilllclits
lnoviding  qualitative illforlnatioll almllt<  tllc colltrollu’  l)(:lfollll;lll(:f!  al]d tllc olmrator  lmr-
cq)tion  of tllc folc(!-fcc(ll)tl(:k. 111 tllc future wc l)lall  to Il]ovc the (:ll\Jil{)lllllcllt  to a Inore
lmwerfu] coln~)utillg  ldatforlll and to mlllallcc  ]mtll t 11(I real-tilnc control and tllc gral)llical
~)1’csc]lt,at,ioll.  I’al’t,s  of t,llc cllrr(!llt,  :\l’Cllit(’(’till’(! ~~rill  I)(! l“cl)lac(!d  l)y 11101(! robust 1110(] 111(!s

to e]lsurc rclial)ility of ol)cratjioll and lllorc cO1tIl)lcx  1111111:~11-llltlcllill(:  illtmactioll.
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Appendix: controller  ~c%ign

‘1’lIc dcsigll  uitcria for tllc (l(!(:(:]lt]illiz(’(1 fwdlmck arc found  usi[l~ tli(! follmvillg l)ya-
I)UIIOV functional:

(14)

Jfrit,ll
~l(f) <7<1 Vf (15)

‘J’hc cliff(:r(’lltli:ltliO1l  of quat ion (1 4) along  t Ilc solutiml of (6) yi(!lds:

V(I:, f) =- 2i’(Akx + A(,x(f  - }/(f))) + i-+l’’’:T” -t ~ ;-yr:(f -- h(f)yx(f -- //(f))  (16)
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Cqllatfion  (16) l)(W) IIICS:

]  -17,)2: -t X(i -  h(f))ql,, -l~(oj t) ~ ~“’(2A1J + AclA~’ + j 2 ~ ‘ ;-_:’:)  l,,]x(f  - h(f))  ( 1 8 )

“J’hc asym~)tjotic stal)ilitly of quatioll  (6) is ~llaralltcul  if l~(x, i) < (). ‘1’llis illcqualitjy
llo]ds if tllc matrices ill tllc t~vo qlladl’ilti(:  fc)rllls  of tll(’ right side of quatioll  (18) arc l)oth
Ilcgatfil’c-(lcfillitc. Giwvl  cquatlioll (1 5), tllc controller I[]llst  satisfy:

S = 2A~ -t A,/A;’ -I i ] + <0 (19)

Ck)llditjion (19) holds if all tllc cigmlvalucs  of tllc IIlatrix S am ill l{c[s]  <0, i.e.

ll’(:A, (L$) < () v; (20)

I“ro][l cquatlion  (21 ) ,  wit]l 0 :- i:;, it follows that ltlatrix  S ]]as a block  diagonal
s t ructure  and, tllcrcforc, tllc cigulvalucs of S arc t 11(: ci~ulvalucs of’ wicll I)lock. Sillcc
bot]l  blocks  lIavc tllc saltlc strllcturc  and wlcll  gain o]lly al)lwlrs  ill t h e  I)lock rclativ~!  to
its controller, tfllc solutiml  of cquatio]l  (20) is si~[lificalltly  sil[ll)lificd,  all(l  it is l)ossil)lc to
[k: Si~Il iIl(k:]X!Il(kWt  COIltl”O]l(TS  fol”  IIl:lSt(!l’  and SlaW’.

1’110 nlatrix  S is as follows:

r (Y 2 0 0

(21)
‘lllIC uIJI)cI-left I)IOA Of ,5’ {:aII l)c r(:lirlittcll  as follo~vs:

[
,s] = ‘

2 1 21{,(1)

–;11 -- <~]  -1 (P
; bl=-Af  ,  hl=2(-““ (~li-  ‘;’!l-)  -  (:y)’  (22)

7rt 1!1 7r1

‘1’h(! (~ig~l]\’al~l~s  [)f Ls~  a~’(’  ~ol[l])llk(]  (lsillS i t s  (llal’a(’t  (!l”isti~  ])ol~llol~li?ll:”

dd(sl~ -- ,s] ) =“ S2 + S((2, - 2(t) -1 2<, ~ -t (t2 – (~,(~ (23)

Itquation (23)  has  roots  ~vitll  Il(:gativc real  l)art if tllc  two riglltlllmt  tcrllls ar(! Imth
Imsitiw:

Rf!(,&(Ls, )) <0 +>
{

2<,, + 0’- <,, n > 0
(~, 2(k > 0

‘J’hc following stal)ility  collditliolls are tllcll dcrivul:

(24)

(25)

WI ICIIC V7,L is a free dcsigll Imratllctcr ill tllc ltlastcr collt  roller, that illflucllccs tllc l)crfor-
lnancc of the t(:lc:(~})(:l:itlc)l.

Similarly, for the slave colltroll(!r,  tll(! stal)ilit)y collditiolls  arc:

{

(22 , ~,, (}

<12 > 2’.;! (,2 ; 7s >2
(26)

‘1’]1(:  g a i n s  giwll l)y (i(]lliitiolls  (~) to (]]) ar(’ tll(!ll  COIIl])Ut(!(]  l)y Ill:lllil)lll:ltiIlg cqua-

tiOlls  (25) and (26) .


